Abstract-A long-baseline (LBL) acoustic system has been developed for the tracking of humpback whales (Megaptera novaeangliae) that have been tagged with digital acoustic recording devices (DTAGs), providing quantitative observations of submerged whale behavior during bubble net feeding. The system includes three high-frequency acoustic sources deployed from small boats that follow the whale after the animal has been tagged. 
during the summer months [1] [2] [3] [4] . Stellwagen Bank is an area north of Cape Cod, MA, and east of Boston, MA, with depths ranging from 20 to 200 m ( Fig. 1 ). During these expeditions, whales were tagged with digital acoustic recording devices (DTAGS) developed at Woods Hole Oceanographic Institution (WHOI, Woods Hole, MA) [5] . DTAGs have been used in other studies to investigate the kinematics of both sperm and right whales [5] [6] [7] , the echolocation practices of Cuvier's beaked whales [8] , and the response of humpback whales to artificially introduced whale calls [9] . In these studies, positioning of the whale has been derived from visual sightings at the surface and dead-reckoning while submerged. This paper describes a long-baseline (LBL) acoustic system designed to track tagged humpback whales while submerged, providing higher accuracy positioning than the previously used dead-reckoning methods and enabling an increased understanding of whale energetics and behavior. Accurate, georeferenced measures of whale position (i.e., measurements on a spatial scale of the dimension of the whale and a temporal scale on the order of the whale's size/speed quotient) shed light on previously unknown whale behavior. For example, the geometry of whale foraging maneuvers helps to illustrate the strategies employed to maximize the whale's catch. Measures of the size and speed of characteristic feeding maneuvers, the bottom sediment type over which foraging occurs or the interplay between whales, which may be collaboratively 0364-9059/$26.00 © 2010 IEEE foraging may all be assessed by georeferenced positioning at this scale. In addition, whale tracking on the scale of the size of a whale allows assessment of the proximity of the whale's maneuvers to the seafloor, swimming and foraging methods used on different types of prey, or the response of whales to anthropogenic noise. Assessment of whale behavior on this scale is limited with common methods of whale tracking.
Common methods of tracking whales combine surface sightings with radio-frequency tagging, passive or active sonar, or a combination of surface observations and multisensor whale tags [10] . Visual satellite and very high-frequency (VHF) radio tracking methods provide fixes only at the surface and are used primarily for long-range migrational studies [10] . To complement surface fixes for regional tracking (tens to hundreds of kilometers), animal tags were developed to measure the depth of the animal over time [11] [12] [13] [14] [15] . The resulting time-depth profiles (or time-range profiles when fit to surface observations) provide only a 2-D view of the whale's behavior while submerged.
Whales have been detected and tracked passively on seismic arrays and other sonars since the end of World War II. Sperm whales, which provide regular and frequent vocalizations, have been tracked passively in recent studies (e.g., [6] and [16] [17] [18] [19] [20] [21] ). Humpback whales have also been detected and tracked passively [22] , [23] , although with less fidelity due to the irregular frequency of their vocalizations. Such passive positioning can provide 3-D tracking with an accuracy of tens of meters, however, passive systems require regularly vocalizing animals.
In addition, active sonar has been used for whale detection and tracking at ranges up to 2 km. These systems have been used primarily for whale avoidance. Recent work has focused on the detection of whales before naval tactical sonar testing [24] , [25] rather than whale tracking.
In parallel with the development of time-depth recorders to augment surface tracking, the advent of digital recording techniques has allowed development of acoustic recording tags for investigating the vocalizations of whales and other marine mammals and the ambient noise around them [5] , [13] , [26] , [27] . Ancillary sensors aboard these tags help to place the acoustic measurements in a behavioral and geographic context. For example, the tag developed by Madsen et al. [26] recorded acoustics, time, and depth. The bioacoustic probe developed by Burgess et al. [13] records acoustics, depth, temperature, and acceleration (for pitch and roll). The biosonar measurement tool (BMT), developed by Martin et al. [27] for the tracking and acoustic recording of trained dolphins, measures 3-D attitude, heading, acceleration, velocity, and acoustics. Finally, the DTAG, used in the development of the acoustic tracking system presented here, records acoustics, depth, temperature, acceleration (for pitch and roll), and magnetic heading [5] .
Tags with acoustic transmitters have also been used to track whales [15] , [28] . Rather than recording data on the tag, these devices transmit acoustic pulses, varying the interval between pulses with the on-tag measurement of depth, thereby transmitting the whale's depth to any receiver. In addition, the pulses themselves may be tracked with an array of receivers to identify the whale's position. This method has produced whale tracking results similar to those presented here [28] and has the benefit of producing real-time measurements. However, this study is focused on the improvement of whale tracking methods for which the animal tags are acoustically passive. Acoustically passive tags have the advantage of allowing for the simultaneous tracking of multiple animals without the need for additional acoustic energy in the water. In addition, passive tags allow for high-quality acoustic recording of whale vocalizations and avoid producing sound close to the animal.
Each of the acoustic recording tags described above have provided useful information about whale vocalizations, behavior, and kinematics. However, georeferenced animal tracks suitable for small-scale, short-timeframe studies have only been produced from those devices in which some measure of whale depth, heading, and speed could be directly measured or estimated. The Madsen et al. tag did not measure heading or speed, therefore studies have been focused on vocalizations with respect to animal time-depth profiles. The bioacoustic probe has been calibrated for flow noise across the transducer, allowing estimates of whale speed [12] . While these speed estimates provide an independent assessment of whale speed from surface observations allowing kinematic studies of whale movement not attainable by visual sightings alone [14] , [29] , the absence of a heading sensor prevents a full 3-D animal track. The BMT tag measures depth, heading, and speed directly and full 3-D animal tracks have been generated from this data, however, the BMT is not designed for wild animals (the BMT tag must be carried in a trained dolphin's mouth). While the DTAG measures depth and heading directly, it contains no direct measure of animal speed. Several methods have been used to estimate whale speed to generate 3-D animal tracks. Constant whale speeds have been assumed [3] , mean whale speeds have been measured between surface fixes, speeds have been estimated from DTAG measured depth rate and pitch [30] , [31] , and speeds have been measured indirectly by adjusting constant-velocity-derived dead-reckoned tracks to match measures of bearing and range to passively detected whale vocalizations [32] .
All of the methods for generating 3-D animal tracks from DTAG data have shortcomings that limit their usefulness for assessing the spatial scale of animal behavior and kinematic studies. Dead-reckoned tracks generated using a constant assumed whale speed suffer from poor accuracy, provide no information about true whale speed, and can induce distortions to the true whale track. While the use of surface fixes to derive mean whale speed helps to constrain the geographic location of the whale over time, the method fails to capture changes in whale speed between fixes inducing distortions (shown in Section IV) when a large portion of the whale's track is in the vertical direction. Methods that have combined the whale's depth rate and pitch angle to derive whale speeds for dead reckoning or kinematic studies are limited to portions of the track in which the pitch angle exceeds 50 [30] . Other methods have used flow noise over the tags transducer to estimate the whale's speed [12] , however, the DTAG implements a 100-Hz high-pass filter, which limits its ability to detect flow noise in the frequency band used in previous studies. Moreover, flow noise is valuable for detecting sudden changes in behavior [14] but is not sufficiently quantitative to be useful for whale tracking. This is especially true in foraging and maneuvering animals in which flow noise changes can result from opening the mouth or deploying a control surface without any change in speed. Finally, although the adjustment of dead-reckoned tracks to match independent measures of whale bearing and range can produce a high-fidelity whale track, the method necessarily requires a vocalizing animal and deployment of an acoustic array with which to measure the vocalizations.
To overcome the limitations of these methods to generate 3-D animal tracks suitable for small-scale behavioral and kinematic studies, an independent acoustic positioning system has been developed for the tracking of tagged whales. This LBL system measures the whale's position at a nominal 1-Hz update rate providing the ability to track whale movements with sufficient fidelity to assess feeding behavior geometry, whale kinematics, and to place the whale in a georeferenced context. Below we describe a general overview of the system and provide a detailed description of the high-frequency acoustic sources involved. We then present DTAG acoustic data processing techniques and approaches to whale positioning as applied to a humpback whale tagged and tracked for 80 min with the system on July 21, 2007. Results from this track are discussed, including a comparison of acoustically derived tracks with traditional dead-reckoned tracks and calculation of the speed and geometry of characteristic humpback whale bubble net feeding events.
II. WHALE TRACKING SYSTEM DESCRIPTION DTAGs are attached to the whale using a carbon fiber pole from a small rigid-hull inflatable boat (RHIB) [5] . The tags are secured to the whale with suction cups and remain on the whale until released by a preset trigger after a specified duration or until they lose suction by other means. While attached, DTAGs provide up to 16 h of two-channel acoustic recording at the 96-kHz sample rate used in this study. Additional instruments aboard the DTAG record temperature, pressure (for depth), three-axis acceleration, and three-axis magnetometer data, where acceleration and magnetometer data are used to resolve whale orientation and heading [5] . While a tag is affixed to a whale, the animal is followed at a distance by a small boat to monitor the whale's surface behavior and to facilitate recovery of the DTAG when it releases.
The LBL tracking system presented here is deployed to track the whale after the tag is applied and the whale is submerged. The system consists of three acoustic sources, one deployed from each of three small boats (Fig. 2) following the whale while the tag is affixed. A simple, hand-deployable, low-power, high-frequency, acoustic source was designed for this system. For brevity, the term "pinger" will be used throughout this paper to refer to these sources. Each pinger combines a small microprocessor, secure digital (SD) data card logger, global positioning system (GPS) receiver, GPS antenna, and power amplifier (to drive the acoustic transducer) into a small waterproof case. The system transmits the acoustic signal via a small radially omnidirectional transducer lowered approximately 2 m beneath the surface.
The whale-tracking pingers operate in a synchronized fashion utilizing the GPS 1-pulse-per-second (PPS) signal as a trigger, thereby sending acoustic pulses at known times and from known locations. The pulses are sent at a power level of 165 dB re 1 Pa root mean square (RMS) at 1 m and a frequency of 25-31 kHz (details of the pulse generation are described later); above the estimated frequency threshold of humpback hearing [33] . While humpbacks may be able to detect sounds 20 kHz, they are unlikely to be able to hear well in this range [34] and due to the short pulse length used, after 24 h of tracking with three pingers operating at an average distance of 100 m from each pinger to the whale, a sound exposure level of only 159 dB re 1 Pa-s will have been accumulated [34] . Therefore, disturbance of the animal due to pinger operation is unlikely.
The pulses are recorded on the DTAG with whale vocalizations and other ambient noise, and by timing the receipt of these pulses on the DTAG, one-way travel times are measured. Ranges from each source to whale are calculated by modeling the acoustic propagation of the signal through the water column using a sound-speed profile measured during the deployment. Finally, a range-only least squares solution, constrained by the DTAG-measured depth, provides the 3-D location of the whale. Details regarding these data processing steps are provided in Section III.
A. System Operation
When activated, the control processor initializes, and then waits in low-power mode for a trigger signal from the GPS. When a trigger signal is received, an acoustic pulse sequence is transmitted. The GPS position data are logged to an onboard SD card and the GPS time is used as a seed in the algorithm to generate the next pulse sequence. These sequence indices are stored and the system returns to low-power mode until the next 1-PPS trigger is received.
Measurements were made to assess the latency and jitter of the pinger's acoustic pulses. One-pulse-per-second trigger signals, measured from the GPS receiver of each pinger, were found to have an RMS jitter of 96 ns . In addition, the delay from receipt of the GPS trigger to generation of the acoustic pulse was measured to be 492 s with a jitter of 3 s ( ; jitter is defined here as one standard deviation of the delay). This trigger-to-transmit delay was accounted for in calculation of one-way travel times. The combined jitter from the 1-PPS trigger signal and that of the microprocessor-generated acoustic pulse contributes just 4.6 mm of range error (assuming a 1500-m s speed of sound in seawater), a negligible source of error.
In each pulse sequence, the pinger sends a train of seven gated, continuous-wave (CW) subpulses having frequencies of 25-31 kHz in 1-kHz steps. The subpulses are transmitted for 1 ms each. Therefore, each subpulse has a nominal bandwidth of 1 kHz. A complete train of seven subpulses provides 7-kHz total bandwidth.
In addition, because the DTAG contains only a relative internal time reference, it was desirable to encode coordinated universal time (UTC) in some manner into each acoustic pulse. This time encoding was used during a DTAG timing calibration step (described in detail in Section III) at the end of each deployment. Encoding of UTC time into the pinger pulse was achieved by permuting the seven subpulses. Limitations in the operating memory space of the processor allowed for only simple encoding of the UTC second into each pulse and then only at a resolution of 10 s. Therefore, in each of the six 10-s intervals of a UTC minute, a separate permutation was sent. Since each of these must be unique (to distinguish one pinger from another), a total of 18 pulse types were required for the three pingers.
Nonvolatile memory in the microprocessor was insufficient to store the six frequency permutations for each pinger. Therefore, an algorithm was developed to generate the six pulse types from a single unique reference permutation. In the algorithm, a simple rule set adjusts the order of this reference permutation based on the current UTC second, as reported by the GPS. For 0-9 s, the reference permutation itself is sent. For 10-19 s, every other frequency of the reference permutation is sent, returning to the skipped values when the end of the reference permutation was reached. For example, if the reference permutation was , the permutation sent from 10-19 s was generated by initially skipping every other frequency giving . For 20-29 s, the train of subpulses was generated by skipping two entries in the reference permutation-e.g.,
. Pings for 30-39, 40-49, and 50-59 s were generated by skipping three, four, and five entries, respectively. Spectrograms of all 18 pulses are shown in Fig. 3 .
Reference permutations were chosen such that, when comparing any two of the 18 pulses types, no more than three frequencies would match in location either by permutation or rotation of their locations in the signal. This requirement results in a 10-dB difference between the autocorrelation of each pulse and its correlation with any of the other pulses. While other spread-spectrum techniques are more theoretically supported to encode and detect signals of this type [35] , the method used here was simple, and therefore feasible, with the limited capability of the pinger's microprocessor.
III. DATA PROCESSING
Before processing the DTAG acoustic data several preliminary steps were required. These included generating a temporal reference frame, verifying the DTAG sample rate, and generating a matched-filter bank. The matched-filter bank was then applied to the acoustic data for ping detection. After removing multipath and obviously false detections, the resulting detections were converted to ranges and used in a weighted least squares solution for whale position.
A. Generating a Temporal Reference Frame
Time associated with each DTAG measurement is derived from an activation time and the specified sample rate. The DTAG's internal clock is set manually at a resolution of 1 s when the unit is armed before deployment and the activation time (tag-in-water) is recorded internally when the tag is deployed on a whale and a saltwater switch is activated. At activation, the DTAG records continuously until the system is manually shut down after recovery. Because of the coarse resolution of the DTAG activation time and the potential variability of the sample rate from tag to tag, it was necessary to generate a high-resolution DTAG temporal reference frame with a UTC base. The reference frame was established through a timing calibration routine at the end of each deployment after the tag released from the whale.
To conduct the timing calibration when recovering the DTAG, it was held underwater at a fixed, known distance (20 cm) from a pinger transducer for 1-2 min. The tag recorded the change in pulse types resulting from several 10-s transitions during this time. The date, the hour, and the minute of this calibration step were manually recorded, while the second and the fraction of a second were established by detecting a 10-s pulse-type transition measured during the calibration, and correcting the detection time associated with this transition for the trigger-totransmit delay in the pinger and the delay due to the propagation of the pulse from the pinger to the tag through the water. In this way, a sample index in the DTAG acoustic record was correlated with a UTC date and time with a predicted standard deviation of 20 s. This uncertainty value is the result of the propagation of variance due to the uncertainty in the pinger transmit time (3 s), the uncertainty in the propagation distance (0.025 m), the uncertainty in the measured sound speed (1 m s ), and the uncertainty of the detection algorithm (10 s). From the time stamp associated with this sample index, and a measured DTAG sample rate, a time vector could be calculated for any given segment of data.
B. Verifying the DTAG Sample Rate and Sample Rate Stability
The method used for generation of the time standard for DTAG data assumes a known DTAG sample rate. To measure the DTAG sample rate and sample rate stability, a controlled experiment was performed, in which each DTAG was attached to a pinger for an extended period with the pinger in operation. A constant sample rate model for the DTAG was fit to the ping detection times to determine the sample rate for each tag after coming to thermal equilibrium. The sample rates for each of three tags that were tested in this manner were found to be 96,013.860, 96,013.453, and 96,013.509 Hz, respectively. These sample rates were used for all subsequent calculations for each tag.
The controlled experiment also allowed estimation of sample rate stability for changes in temperature over the range of temperatures experienced by the tag while on the whale. A change in a sample rate of 0.1 parts per million (ppm) was measured with a 6 C change in temperature from 22 C to 16 C. This variation in sample rate is far smaller than the crystal oscillator manufacturer's specification of 30 ppm from 10 C to 60 C [36] . Further investigation into the DTAG's crystal oscillator specification showed a nonlinear variation in operating frequency with temperature over the 10 C-60 C range, and a "zero point" of its AT-cut crystal where the variation in frequency of the oscillator with temperature is very small [37] . This flat portion of the frequency drift curve extends from roughly 20 C to 20 C. The nominal temperature recorded on the DTAG during deployment was 9 C giving confidence that little variation in sample Fig. 4 . An 80-s portion of the raw range measurements from each pinger to the whale. A sound-speed profile measured during the deployment and the BELLHOP ray-tracing algorithm were used to convert travel times to range. Circled points indicate those that were retained after manually removing false detections and multipath arrivals. Multipath arrivals are frequently evident as parallel lines of data beyond the first arrivals. Fig. 5 . Individual range measurements from each pinger to the whale. A soundspeed profile measured during the deployment and the BELLHOP ray-tracing algorithm were used to convert travel times to range. The discontinuity before 22:00:00Z resulted from a repositioning of the pingers when the whale left the area to join other whales several kilometers away at a speed faster than the small boats could maintain with the pingers deployed.
rate exists between the value measured during the test and an actual deployment. Indeed the data itself exhibit no bias that might be indicative of significant sample rate variation. For example, a 30-ppm sample rate error would have resulted in an accumulated timing error leading to range measurement biases of over 200 m over the course of an 80-min deployment such as the one presented in Section IV. These would, in turn, result in a steady increase in solution residuals. No evidence of an increasing range measurement bias occurred, however, verifying that the measured sample rate is valid, even at the lower temperature, incurred during the actual deployment. 
C. Processing the Acoustic Data
Acoustic data from the DTAG were bandpass filtered from 24 to 32 kHz and baseband demodulated. The acoustic data were segmented by UTC second and the correct matched filters for each 10-s interval and pinger were applied. The matched-filter library was generated for the 18 pulse types by measuring each pulse in the University of New Hampshire's (Durham) acoustic test tank facility. RMS amplitudes and durations of each subpulse within each permutation were measured and then used to generate analytic models of each complete pulse at the desired sample rate.
Because the time-encoded pulses generated by the pingers contain the same base frequencies, portions of any two pulse trains will correlate with each other above the noise floor. Therefore, any given matched filter in the library will generate at least a small correlation peak when correlated with any other pinger signal. However, the peak is largest when the correct filter (i.e., the one that actually matches the signal) is applied.
Correlation output above a preset threshold was identified as the beginning of a candidate window of time for each detection. This detection threshold was set dynamically at 20 times the RMS noise measured in the previous second (i.e., 26 dB re noise level). The multiplicative factor of 20 was determined empirically to ensure that true detections could clearly be identified within an abundance of false detections and to ensure that manual removal of false detections in a subsequent step was not prohibitively time consuming. False detections were common, due in part to frequent whale surfacings, which appear as broadband noise in the tag data, and an EK-60 fisheries sonar operating at a center frequency of 38 kHz from a nearby support Fig. 7 . When Newton's method is used to solve for one of two solutions in a two-range position estimate, the second solution can be found by reflecting the solved-for solution about the line intersecting the two pinger locations. For each two-range solution pair, the solution's east/west coordinate is plotted versus time. In addition, east/west coordinates from three-range solutions and visual fixes of the whale while at the surface are plotted. The combined data set allows one to select which of the ambiguous two-range solution pairs is correct using the unambiguous three-range solutions and the visual fixes as a guide. Outlier three-range solutions were also omitted. The process is repeated for north/south coordinates and the intersection of the measurement times from each provides the final two-range solution set. All positions are plotted here as meters from the mean value.
ship. These influences caused the change in noise levels to overwhelm the detector's ability to adaptively adjust the detection threshold.
Each detection candidate window provides a duration within which an individual pinger detection is identified. The detection candidate window length was set to at 0.75 times the pulse duration (about 7.5 ms). This duration provides a balance between prevention of multiple detections in close succession, resulting from a window that is too long, and unwanted multiple detections from a single ping, resulting from a window that is too short. Within a detection candidate window, the individual matched-filter output of the three pingers having the largest value identifies which pinger was detected. A detection can then be recorded as the UTC time corresponding to the index of that peak.
D. Calculation of Pinger-to-DTAG Ranges
In the calculation of pinger-to-DTAG ranges, all false detections and multipath arrivals were first removed from the data set manually. Although others have used multipath arrivals for localization of whales using matched-field processing [17] , [23] , the intent here was to keep the model and processing as simple and computationally tractable as possible. Measurements were retained that together provide a visible, continuous, trace of data points through an otherwise random cloud of false detections, omitting multipath traces by picking the earliest arrival when secondary arrivals could be clearly identified. An example of raw data, with points retained (circled) after false detections and multipath have been removed, can be found in Fig. 4 .
Ranges were then calculated using the one-way travel times, a sound-speed profile measured during the DTAG deployment, and the BELLHOP ray tracing model [38] . Because every effort was made to eliminate multipath returns in the previous step, ranges were calculated under a direct path assumption. The process of identifying direct versus multipath propagation is imprecise and the errors that result are estimated to be a significant source of noise in the resulting whale track. A plot of all the resulting acoustically measured ranges from each pinger to the DTAG can be found in Fig. 5 .
E. Least Squares Positioning
Whale positions may be calculated from range measurements by any of several techniques. In each technique, vertical position is forced to the DTAG-measured depth since the geometry of the small boats with respect to the whale poorly resolves position in the vertical direction because the horizontal ranges are 2-6 times larger than the maximum whale depth. In this way, the 3-D least squares solution was constrained to a 2-D position estimation. Although the least squares method was not required to solve for the whale's position when two or more ranges were measured, it was found useful in that it produces a position estimate when range circles do not overlap (which is cumbersome to handle using other methods). In addition, it produces an uncertainty estimate in the form of either a covariance matrix or solution residuals, which is convenient for error propagation.
When ranges were measured from all three pingers in a single 1-s interval, an overdetermined nonlinear least squares solution for whale position was calculated using Newton's method [39] . The range equation, shown in (1), is linearized through a Taylor's series expansion shown in (2) (1) (2) In (1), is the range from the pinger to the whale, and denote the horizontal position of the whale to be solved for, is the DTAG-measured depth of the whale, and , and denote the position of the pinger. In (2) , is an initial provisional range calculated using (1) in which the whale position is estimated and and denote the partial derivatives of (1) with respect to and , respectively. Equation (2) provides a system of equations (one for each range measurement) that may be written as (3) where is the matrix of partial derivatives shown in (4) (each row of matrix corresponds to one range measurement) (4) is the vector and is the misclosure vector (or prediction error). Each element of the misclosure vector is the difference in the measured range and the range to the initial estimate of the whale's position . Equation (3) is solved for , which is then applied as a correction to the initial position estimate . The process is repeated for 20 iterations to ensure convergence when a solution exists. Fig. 6 illustrates a typical tracking geometry and three-range solution.
When either the DTAG time reference or the sound speed is not well known, a three-range least squares solution also allows for solving for either an unknown time offset in the DTAG acoustic data or a path-integrated sound speed. To solve for an unknown DTAG time drift , (1) becomes (5) where is the time offset. To solve for a correction to the assumed sound speed , (1) becomes (6) where is a correction to the assumed sound speed. The Taylor's series expansion and remaining equations are adjusted to incorporate either of these new terms and the solution proceeds as before. These methods were not required for the deployment described in Section IV because the DTAG time reference and sound-speed profile were measured directly.
In an effort to maximize the number of whale position estimates, solutions may also be calculated when only two of the three pingers were detected. Two intersecting spheres of range produce a circle of possible whale locations which may be further reduced to a semicircle of possible locations below the water line. A separate measurement of depth (in this case measured by the DTAG's onboard pressure sensor) reduces the number of possible solutions to two locations, which must be resolved by comparison with other solutions and visual observations from whale surfacings. Although two equations and two unknowns provide for an exact solution when the range circles intersect, Newton's method, as described above, is equally capable of solving for one of the two solutions and has the benefit of producing a position estimate in the rare case that the range circles do not actually intersect. The second of the two ambiguous solutions may be found by simply reflecting the first solution about a line intersecting the two pinger locations (see Fig. 7 ).
To resolve the two ambiguous dual-range solutions in generation of the whale track presented in Section IV, as much information about the whale's true position was plotted versus time and the most likely correct position was chosen by manual comparison. Fig. 8 illustrates the technique, in which east/west coordinates (in meters from the mean) are plotted versus time for all two-range solutions. Visual fixes and three-range solutions are plotted on top of the two-range solutions and are used as a guide to disambiguate the two-range solution pairs. Outlier three-range solutions were identified as those requiring excessive whale speeds ( 15 m s ) and were also omitted in the process. The identical method is used for north/south coordinates. The intersection of measurement times corresponding to the retained east/west coordinates and north/south coordinates is used to generate the final data set.
Other errors exist in the whale track that are unknown and are unaccounted for. These result from short-time variations in the sound-speed profile and their propagation through the acoustic propagation model, variations in the actual DTAG sample rate, the uncertainty that results from the possible inadvertent selection of multipath arrivals, false detections, and the possibility that the reported GPS positions did not incorporate Wide Area Augmentation System (WAAS) corrections. The effect of the known and unknown uncertainties can be characterized, in part, by the mean of the RMS residuals of the three-range least squares solutions, which was 4.5 m for the deployment presented in Section IV. These values compare to those measured in other, similar systems [28] .
IV. EXAMPLE WHALE TRACK
On July 21, 2007, a humpback whale, identified as Geometry, was tagged just before the end of the day's tagging efforts at approximately 21:00:00Z (5:00:00 P.M. EST). Geometry was observed at the surface, bubble net feeding with Venom, Coral, Etch-a-sketch, and a fifth unidentified animal at the northern tip of Stellwagen Bank [ Fig. 9(a) ]. Bubble net feeding is unique to humpback whales, in which a circular curtain of bubbles is blown to corral a school of prey [40] . The whales subsequently engulf the prey as they are trapped within the curtain and the surface. Geometry was tracked with the LBL system for approximately 80 min.
Geometry was initially tagged by a team operating from a small boat a few kilometers from the two other small boats and support ship in the science party. After the tag was applied, the team deployed pinger A, which shows up first in the time-range record shown in Fig. 5 . The remainder of the science party relocated to the area and the two other small boats deployed pingers B and C shortly thereafter. After bubble net feeding for several minutes in the same locale, Geometry and his feeding pod transited at a rapid rate to another school of prey approximately 1 km away. The small boats were unable to keep pace with the whales while the pingers were deployed, therefore the pingers were recovered, the boats repositioned, and the pingers redeployed. This break in track is evident at 21:50:00Z in Figs. 5 and 9(b). Geometry was tracked by the three small boats through several dives and bubble net feeding events before the tag released at 22:46:00Z. The entire whale track for Geometry is shown in Fig. 9(b) .
A. Comparison With Dead-Reckoned Tracks
The georeferenced whale track provides an opportunity to validate and compare other dead-reckoned tracking methods commonly used to place DTAG acoustic recordings in spatial context. Dead-reckoning methods that estimate whale speed from the whale's pitch and depth rate [30] , [31] are optimized for deep diving animals and are not suitable for general purpose tracking. Similarly, dead-reckoning methods that estimate whale speed by adjusting the track to match external range and bearing measurements of the animal's vocalizations require deployment of a (typically towed) sonar array and a vocalizing animal, and therefore, are also not suitable for general purpose tracking. Dead reckoning with a single estimated speed or visual-fix-constrained speeds are considered here as they are frequently the only methods by which a whale track may be generated for a passively recording whale tag.
Figs. 10-12 compare a portion of the acoustically derived whale track with corresponding portion of a dead-reckoned track, which was initialized with a visual fix 1.6 h before. Fig. 12 . Acoustically measured whale track is compared with a constant-velocity dead-reckoned track and a dead-reckoned track whose velocity is constrained by visual sightings while the whale is at the surface. Although the fix-constrained dead-reckoned track is more geographically accurate, the surface fixes cannot capture changes in whale speed while at depth, resulting in the "stringing out" horizontally of vertical bubble net feeding events. Comparison with the acoustically measured positions shows that, in this case, the nonconstrained dead-reckoned track captures the whale behavior with better fidelity, although the absolute positioning is poor. This portion of the track is referenced in meters (0,0) from 40.4250 N, 70.4072 W.
Any dead-reckoned whale track with a single assumed speed is expected to deviate significantly from the true whale track, therefore, the differences illustrated in the following paragraphs are not entirely unexpected. Nonetheless, a comparison between them is worth making as the extent and way in which a dead-reckoned track may quickly deviate from the true whale path, as well as the ability of a dead-reckoned whale track to capture the qualitative nature of the whale path is instructive when acoustic methods of tracking are not possible. Fig. 10 shows a small-scale view of a portion of the acoustic and dead-reckoned whale track data so that differences in the general trend of the data can be seen. Because the dead-reckoned track was fixed with only a single visual sighting at the beginning (approximately 1.6 h before), errors in whale speed and direction have accumulated quickly. By the end of the track, the dead-reckoned positions have drifted from the true whale track by 1000 m in the north/south direction and 1800 m in the east/west direction. This results, in part from the choice of 1-m s speed used to generate the track and the fact that local currents were unknown and therefore not applied to the dead-reckoned track. The choice of 1 m s for generation of this track was estimated from previous studies [41] . Consid- Fig. 13 . Deviation of the dead-reckoned track from the acoustic track when the dead-reckoned track has been zeroed to the acoustic track at various intervals, providing guidance for the required update rate to maintain a particular positional uncertainty in a blended solution.
ering only starting and ending points, the mean overall horizontal speed for the acoustic track data is 0.83 m s , while that of the dead-reckoned track is just 0.43 m s indicating that the assumed whale speed of 1 m s may be off by as much as a factor of two. Local tidal currents, typically less than 0.2 m s , [42] are also not accounted for in the dead-reckoned track. Currents of this magnitude could only account for half of the observed difference in position.
The plots in Fig. 11 focus on smaller portions of the same data set. Fig. 11(a) contains three bubble net feeding events, which are evident as circular loops in these plan-view plots. The characteristic bubble net loops are clearly evident in both the acoustically derived and dead-reckoned whale tracks. Fig. 11 (b) provides a closer comparison during a single bubble net feeding event. In the dead-reckoned track data, two loops are clearly evident as the whale travels a helical path, rotating twice while moving vertically through the water column. However, close inspection of the acoustic data in Fig. 11(b) reveals that most of the second loop is not recorded. The loss of fix data during the maneuver of a second loop during ascent occurs in several of the tracked bubble net feeding events.
[This is the case for all three events Fig. 11(a) , for example.] Inspection of the raw detection data (not shown here) indicates that this loss of track results from a loss of direct path acoustic propagation of the pinger signals to the tag. This might result from acoustic attenuation of the signals by the bubble net curtain or by increased acoustic attenuation due to body shading of the whale. In future work, it may be possible to retain track on the animal through the bubble net curtain, as bottom bounce signals are often still present. Fig. 11 (b) also illustrates that, while the choice of 1 m s to derive the dead-reckoned track may underestimate the whale's speed overall, the value is reasonable during characteristic bubble net feeding events. The diameters of the loops in both the acoustic and dead-reckoned tracks are approximately the same indicating a close approximation to the true whale speed during these maneuvers.
Finally, comparison of the plots in Fig. 11(c) shows qualitatively different results between acoustic and dead-reckoned whale tracks. In this case, the acoustic data are particularly noisy because, for a short duration, all three pingers and the whale were in a straight line in the general north/south direction. This poor geometry provides little to no constraint to the position estimates in the east/west direction. The result is a noisy track which bears little resemblance to the dead-reckoned track.
As shown in these plots, dead-reckoned tracks provide a qualitative measure of the whale's movement such that the general behavior of the whale is easily inferred. However, when unconstrained by visual fixes, dead-reckoned tracks poorly locate the whale in a geographic reference frame because they do not capture variations in whale speed. On the other hand, acoustically derived whale tracks georeference the whale, giving a proper dimension to its movements that is unattainable from dead-reckoned tracks. Acoustically derived tracks are not without their own limitations, as acoustic attenuation of the pinger signals may cause a loss of track, and poor geometry may produce poor fixes.
Dead-reckoned tracks may be constrained by visual fixes (effectively estimating a new whale speed for each fix pair) to reduce the positional bias that accumulates over time. Alternatively, two pairs of visual observations at the surface may be used to constrain the whale's position, while also estimating an average constant current. In either case, efforts to do so can change the character of the track in ways that may not be desirable. For example, Fig. 12(a) shows an acoustically derived whale track for three bubble net feeding events, while Fig. 12(b) shows the dead-reckoned track generated from a single constant speed and Fig. 12(c) a visual-fix-constrained dead-reckoned track, all for the same time period. The fix-constrained dead-reckoned track is relatively accurate in absolute position-within several tens of meters of the acoustically derived data. However, because the visual fixes cannot capture the dynamics of whale speed at depth, a dead-reckoned track constrained by them tends to "string out" vertical movement. The effect is shown in these bubble net feeding events, in which a vertical helical whale path is strung out horizontally. In this case, the unconstrained dead-reckoned track reproduces the qualitative character of the whale's behavior (if not its exact position) with greater fidelity.
The strength of the dead-reckoned track is that of data continuity and time resolution, while that of the acoustically measured track is increased accuracy over long durations allowing a refined estimate of whale speed while at depth. Therefore, an optimal solution might blend the dead-reckoned track with the acoustic measurements. Although the details of such a blending are left for future work, the data presented here can provide guidance for such a solution. For example, Fig. 13 shows the mean distance from the dead-reckoned track to the acoustically measured track when the dead-reckoned track is zeroed to the acoustic track at various intervals. Therefore, the plot provides an indication of the acoustic position update rate required to constrain the whale's positional uncertainty when the two complimentary positioning methods are combined. An update rate of 10 s is required to maintain the positional uncertainty less than a whale length (10 m). It is noted that estimating the update rate from positional drift alone, as is done here, will likely produce a pessimistic result, as the method fails to account for the fact that as each new measurement is considered, the estimates of speed and heading of the animal (and possibly current) are also updated, thereby further constraining the drift between the two tracks.
B. Whale Track Measurements
In addition to geographically constraining dead-reckoned whale tracks, acoustically derived positions allow estimation of horizontal whale speed during transits and the geometry of common maneuvers. Horizontal whale speed is of particular interest because the depth measurement on the DTAG provides a reasonable estimate of vertical speed leaving the horizontal components constrained only by periodic surface observations. Eight straightline segments were extracted from the acoustically derived positions to estimate horizontal whale transit speed between bubble net feeding events. The events were extracted from a whale track during which the whale was nearly continually feeding-moving from bubble net maneuver to bubble net maneuver. The mean transit speed for each segment was calculated by dividing the distance between the first and last positions by the travel time. This method was preferable to integration of the distance traveled over the path divided by the travel time, as across-track noise in the acoustic measurements results in an overestimation of whale speed. A line was fit to the acoustically measured points and the coefficient of determination, or value, for each fit was calculated using (7) where and . Here are the measurements, is the line-fit data, and is the mean of the measurements. The value indicates, on a scale of zero to one, a quantitative measure of the amount the whale deviated from a linear path, and therefore, a measure of the robustness of the speed measurement. For example, segment number 7 [ Fig. 14(a) ] has an value of 0.94, giving high confidence to the 0.7-m s value. Similarly, segment number 3 has an value of 0.87, in which case either the positions were of poorer quality or the path taken by the whale was not linear. The eight calculated transit speeds are shown in Fig. 14(b) and range from 0.7 to 1.9 m s . Local currents are not accounted for in these calculations; currents in this area are typically less than 0.2 m s [42] . The mean travel time for the seven segments was 120 s.
Acoustically derived positions were analyzed from five bubble net feeding events and a circle has been fit to the data from each under the assumption that the whale travels a circular horizontal path during the blowing of bubble net curtains. An example of acoustically derived positions and the resulting fit is shown in Fig. 15(a) . The radii from all six events are shown in Fig. 15(b) and range from 9 to 11 m. The mean travel time during bubble net feeding was 62 s.
From the radius of each bubble net event and times associated with the start and stop of rotation, mean horizontal whale speed has been calculated for each using whale speed (8) where is the radius fit to the bubble net circle, is the fraction of the circle the whale traveled, and and are the ending and starting times of the maneuver, respectively. The resulting speeds are shown in Fig. 15(c) and range from 1 to 2 m s . Error bars in (b) and (c) reflect known uncertainty in the whale track combined with uncertainty in estimation of the fraction of the circle the whale traveled ( below), carried through the subsequent calculations and shown here at the one-sigma level. These uncertainty values likely underestimate the total uncertainty that results from other unknown components described in Section III.
By providing georeferenced positions, the acoustic positioning system also allows the study of the potential for the whale's interaction with the seafloor. For example, Hain et al. [4] describe abrasions and scarring common on the lateral, lower, jaw of many humpback whales, apparently caused by contact with the sandy, shell-ridden bottom. Combined with other indirect evidence, they hypothesize that humpback whales may feed at the seafloor on Stellwagen Bank [4] . Fig. 16 provides a 3-D perspective of acoustically measured positions from three dive events between bubble net feeding events shown over bottom bathymetry. The acoustic track indicates that, in at least some instances, animals are in contact with the seafloor at the initiation of a bubble feeding event. Thus, acoustic positioning allows one to demonstrate the whale's position with respect to the seafloor and combined with measures of the whale's orientation helps to corroborate theories of how they might interact with it.
V. CONCLUSION
A system for LBL acoustic positioning of tagged humpback whales has been developed with sample updates at 1 Hz and onesigma positioning uncertainty of 4.5 m (estimated from threerange solution residuals). The system allows for quantitative measurements of whale behavior by providing georeferenced measures of whale position on the scale of the size of the animal. The system consists of three pingers that may be deployed easily by hand from three small boats and will operate for the duration of the time that the acoustic recording tag is attached to the whale. When the tag's sample rate has been measured before deployment, only a short timing reference calibration is required on retrieval of the DTAG.
Unlike passive systems, active tracking systems of this type provide a method to track animals that do not vocalize regularly enough to resolve behaviors of interest. Moreover, while passive systems suffer from difficulties in detecting individual animals within a group, multiple individuals may be tagged and tracked with active systems allowing scientists to discern differences in behavior between individuals and group dynamics. A drawback of active systems is the risk of disturbing the study species and other species present. Using high frequencies and low source levels/ping rates minimizes this risk at the expense of tracking accuracy and resolution. Hybrid tracking methods in which inertial sensors in the tag provide short-term tracking while occasional active acoustic pings are used to georeference the track offer the promise of accurate tracking with low disturbance.
Results from the system have helped to validate dead-reckoned tracks that are created from DTAG heading and depth measurements alone. Dead-reckoned tracks that assume a constant whale speed for the duration of the deployment have been shown to generally reproduce the qualitative character of the true whale track, but have poor absolute positioning. On the other hand, dead-reckoned tracks whose speed is derived from visual fixes at the surface constrain absolute positioning, but have been shown to distort characteristic whale movements, such as bubble net feeds, in which the majority of the movement of the whale is vertical. Acoustically derived whale positioning provides georeferenced positions which better represent the true motion of the whale and from which quantitative measures of that motion may be made. The acoustically derived track may suffer from acoustic attenuation from bubbles during bubble net feeding events, body shading of the whale, and occasional poor geometry between the pingers and the whale. These tradeoffs may lead to an optimal blending of the two methods, to be developed in future work. Such a blending would provide both subsecond resolution of movements and georeferenced tracking, and perhaps an estimate of water current. Mean drift rates of the dead-reckoned track to that of the acoustic track have been calculated showing the need for a 10-s update rate to keep the whale track uncertainty smaller than a nominal whale length (10 m).
Transit speeds between bubble net feeding events have been estimated from the acoustically derived positional data. These speeds range from 0.7 to 1.9 m s and are comparable to other studies of migrating humpback whales. In addition, the radii of several bubble net feeding events have been measured from the acoustically measured whale track. Values range from 9 to 11 m. Horizontal whale speeds have also been calculated for the whale during the blowing of bubble nets. These values range from 1 to 2 m s . Acoustically derived whale tracks, when combined with bathymetric data, other ancillary tag sensors, and evidence from other studies can provide corroborating evidence that humpback whales feed at the seafloor in the Stellwagen Bank National Marine Sanctuary. 
